A novel isochromanone, (S)-8-hydroxy-6-methoxy-4,5-dimethyl-3-methylene-isochromen-1-one (1), known 2 and previously reported metabolites from Leptosphaeria sp. KTC 727 (JCM 13076 ¼ MAFF 239586) were isolated from the same source by culturing for a relatively long period. The results of the present study disclose their structures involving the absolute stereochemistry. The planar structures of these molecules were established by ESIMS and NMR spectral analyses. The absolute configuration of 1 was established by comparing its electronic circular dichroism (ECD) spectrum with that of structurally-related known compound 3. The relative stereochemistry of 2 was revealed by a combination of nuclear Overhauser effect (NOE) experiments and thermodynamic discussions. Successful transformation of 1 to 2 led us to assign the configuration of 2 after comparing their ECD spectra. These compounds exhibited weak antifungal activities against Cochliobolus miyabeanus.
During the course of our investigation of novel natural products from ecologically unique fungi, [1] [2] [3] [4] we have recently reported (R)-4,8-dihydroxy-6-methoxy-4,5-dimethyl-3-methylene-isochromen-1-one (3) as well as several other novel metabolites from Leptosphaeria sp. KTC 727 (JCM 13076 5) ¼ MAFF 239586 6) ) 7) after 40 d of incubation. We are developing this project with a hope that ecologically unique fungi will involve novel and unique metabolites. Further investigation led us to isolate additional novel C4 deoxy analogue 1 together with its dihydroxylated derivative 2 when Leptosphaeria sp. KTC 727 was cultured for 55 d. The results of the present study disclose their structures involving the absolute configurations, details of this structural elucidation are being described here.
Results and Discussion
The ethyl acetate extract from a broth of Leptosphaeria sp. KTC 727 with a potato-sucrose medium (1.6 L) cultured for 55 d was subjected to silica gel column chromatography to provide 1 (1.5 mg) and 2 (13.9 mg), together with previously isolated metabolites (R)-7-hydroxy-3-((S)-1-hydroxyethyl)-5-methoxy-3,4-dimethylisobenzofuran-1(3H)-one (47.7 mg), (R)-3,4-dihydro-4,8-dihydroxy-6-methoxy-4,5-dimethyl-3-methyleneisochromen-1-one (2.8 mg), and (R)-3-acetyl-7-hydroxy-5-methoxy-3,4-dimethylisobenzofuran-1(3H)-one (1.8 mg). 7) Only a trace amount of compound 1 could be detected when the fungus was cultured for a shorter period of 40 d under the same conditions, while the content of 2 in that broth was below the detection level. Their 1 H-NMR data are summarized in Table 1 .
The ESIMS data for 1 provided a protonated ion signal at m=z 235.0966 to indicate its molecular formula as C 13 H 14 O 4 (calcd. ½M þ H þ 235.0965), being one oxygen less than that of 3 which we had recently discovered from the same source. The 1 H-NMR spectrum in CDCl 3 showed exomethylene protons at C9 as a pair of doublets at 4.56 and 4.80 ppm with 1.8 Hz geminal spin coupling. An aromatic proton appeared at 6.38 ppm as a singlet. Two methyl resonances C11H 3 and C12H 3 respectively appeared at 2.08 and 3.86 ppm, both as singlets. The foregoing signals resembled those of 3 in their chemical shifts and splitting patterns. However, C10H 3 of 1 was observed as a doublet (J ¼ 7:2 Hz) at 1.38 ppm, while the corresponding signal for 3 was a singlet at 1.74 ppm. Additionally, a quartet signal for C4H in 1 was newly detected at 3.82 ppm, this signal being absent in 3. The COSY spectrum revealed spin coupling between them. Further analyses involving HMQC and HMBC disclosed 1 to be 8-hydroxy-6-methoxy-4,5-dimethyl-3-methylene-isochromen-1-one, a C4 deoxy analogue of 3. The R f value of 1 (ca. 0.7) was in fact larger than that of 3 (ca. 0.4) by silica gel TLC (EtOAc:hexane ¼ 3:7).
y To whom correspondence should be addressed. Tel/Fax: +81-172-39-3782; E-mail: hmasaru@cc.hirosaki-u.ac.jp Abbreviations: mCPBA, m-chloroperoxybenzoic acid; THF, tetrahydrofuran; NOE, nuclear Overhauser effect; ECD, electronic circular dichroism; DFT, density functional theory Since 1 had a stereogenic center at C4, its chirality was next studied. We established this by comparing the ECD spectrum with that of structurally related 3, since 1 possessed no functional group available either for chiral assignment by the spectroscopic method or for chemical correlations. It has been well established that only the geometry of a UV-Vis absorbing chromophore will contribute to the ECD spectrum, 8) so molecular modeling calculations for 1 and 3 were performed prior to ECD spectral discussions about this compound. These computations enabled us to investigate the geometric relationship of their chromophores by conformational searches with semi-empirical AM1 and subsequent structural re-optimization with DFT B3LYP/6-31G Ã on Spartan 08 (Wavefunction INC., Wavefunction, Inc. 18401 Von Karman Avenue, Suite 370, Irvine, CA 92612, USA). These suggested that both 1 and 3 were constituted with more than 98% abundance by their most stable conformers at room temperature. The most stable conformers of these two molecules thus obtained were almost superimposable as shown in Fig. 2 . The C4 alcohol should minimally absorb UV-Vis radiation, and this function would therefore hardly affect the ECD spectra. The configuration of 3 had been established to be (R) in our previous study. 7) If 1 was in (S)-form, 1 and 3 could be expected to show similar ECD spectra.
9) It was found that 1 and 3 provided similar ECD spectra as shown in Fig. 3 , enabling us to establish the (S)-configuration for 1.
Theoretical ECD calculations for 1 was also performed with time-dependent DFT at B3LYP/TZVP on Gaussian 09 (Gaussian, Inc., 340 Quinnipiac St Bldg 40, Wallingford, CT 06492, USA). The profile for the theoretical spectrum thus obtained showed good agreement with the experimental spectrum of 1, affirming the foregoing discussions. 10, 11) The molecular formula of 2 was determined to be C 13 H 16 O 6 based on the ESI mass spectrum (m=z 269.1023 ½M þ H þ calcd. 269.1025). Although the ESIMS data provided only a nominal protonated molecular ion, the 1 H-NMR spectrum in CDCl 3 disclosed the sample to consist of a pair of components with approximately 7:1 ratio. We have so far been unable to separate these two components by chromatography. A detailed analysis involving the HMQC and HMBC spectra led us to assign all resonances in CDCl 3 as those shown in Table 1 . This information led us to assign the structure of the major component to be 3,8-dihydroxy-3-hydroxymethyl-6-methoxy-4,5-dimethylisochroman-1-one, this being depicted as 2. This molecule had been reported in 2011 by Schüffler et al. from Allantophomopsis sp.
12) Most 13 C-NMR resonances of the minor component appeared very closely to those of the major component or overlapped. For example, the resonances of C3 for the major and minor components were respectively observed at 103.1 and 103.9 ppm. Taking their chemical shifts and molecular formulae into account, the minor component was expected to be a stereomeric tautomer around the C3 hemiacetal moiety. The keto form, another candidate for the minor component, should have given the C3 resonance at around 200 ppm in the 13 C-NMR spectrum, but this could not be detected. Although Schüffler et al. have mentioned considerable line broadening for the 1 H-NMR signals in CD 3 CN, their study reported neither the presence of another tautomer nor stereochemical discussions.
The relative stereochemistry of 2 was studied by a combination of molecular modeling calculations and NOESY analyses. Calculations were performed in a similar manner just described, revealing the most stable conformers for both the (3R Ã ,4S Ã )-and (3S Ã ,4S Ã )-tautomers of 2 as shown in Fig. 4 . These calculations also suggested that both tautomers were mostly constituted by their most stable conformers (>96% abundance for either isomer), which enabled us to discuss their properties. Methyl groups at C4 (C10H 3 ) in both tautomers took on the quasi-axial conformation. Serious steric hindrance with the C11H 3 group might have given rise to this. In both cases, the absence of 1,3-diaxial repulsion for C10H 3 may also have not destabilized this conformation (the C8a sp2 carbon and oxygen atom located at the 1,3-position). The C3-hydroxy group in more stable (3R Ã ,4S Ã )-tautomer was also in an axial-like conformation due to the so-called anomeric effect. Since the energy difference between the (3R Ã ,4S Ã )-and (3S Ã ,4S Ã )-tautomers was 3.39 kJ/mol based on these calculations, the Boltzmann distribution theory allowed us to expect the tautomeric ratio of ca. 8:2 at room Obtained by B3LYP/6-31G Ã . temperature. This accorded well with the experimental ratio (7:1) in the 1 H-NMR spectrum. The NOESY spectrum provided correlation peaks at C4H/C9H and C10H 3 /C9H for the major tautomer. The C9H 2 signals in the major tautomer appeared at a higher frequency (3.64 and 4.12 ppm) than those of the minor tautomer (3.38 and 3.79 ppm) in the 1 H-NMR spectra. These observations can be explained by the shielding effect of the dihydropyrone ring. These NMR spectroscopic data all support the foregoing discussions.
The absolute configuration at the C4 stereogenic center of 2 was finally determined by chemical derivatization. Epoxidation of 1 with mCPBA and subsequent acidic hydrolysis successfully afforded 2 after preparative TLC. The chromatographic behavior on TLC and the UV spectrum of synthetic 2 were identical to those of natural 2. The synthetic sample also showed an identical 1 H-NMR spectrum with a similar tautomeric ratio to those of natural compound. These data confirmed their relative stereochemical relationship. Additionally, the sample prepared in this way provided an identical ECD spectrum to that of natural 2 in CH 3 CN. Since we had already established the (S)-configuration for 1, these experiments led us to conclude that the configuration of C4 in natural 2 would also be (S)-form.
Compounds 1 and 2 were the C4-deoxy forms of previously reported isochromenones 7) that had been isolated from the same fungus, but in a shorter period of cultivation. Since biological and/or chemical degradation of secondary metabolites commonly involves oxidation, these compounds might have been derived by some other pathways. We assume that prolonging the incubation period would change the circumstances around the fungus to initiate their production. Compounds 1 and 2 showed weak inhibition of fungal hyphal-growth with respective IC 50 values of ca. 100 and 250 mg/mL against Cochliobolus miyabeanus. The absence of a hydroxyl group at C4 in 1 greatly diminished the antifungal activity when compared to its oxy-analogue (R)-3,4-dihydro-4,8-dihydroxy-6-methoxy-4,5-dimethyl-3-methyleneisochromen-1-one (IC 50 of 0.5 mg/mL) in the previous study, suggesting the importance of C4OH to this activity.
Novel isochromanone derivative 1 was isolated from the culture broth of Leptosphaeria sp. KTC 727 as just described. The structure of 1 involving its absolute configuration was established by spectroscopic and conformational analyses. We also found 2 from the same culture broth. Although the planar structure of 2 has already been reported, its stereochemical information had remained unknown. The results of the present study have disclosed its absolute structure by analyzing the chemical and ECD spectral correlations.
Experimental
General experimental procedures. The specific rotation values were measured with a HORIBA SEP-700 spectrometer, and UV spectra were obtained with a Hitachi U-2010 spectrophotometer. The CD spectra were recorded with a JASCO J-725 spectropolarimeter, and measurements of the IR spectra were performed with a HORIBA FT-720 spectrometer in a KBr cell. The 1 H-(500 MHz) and 13 C-(125 MHz) NMR spectra were recorded with a JEOL JNM-ECX500 spectrometer. The methyl proton signal for tetramethylsilane (0 ppm) was used as the standard when CDCl 3 was used as the solvent while CHD 2 CN (1.93 ppm) was used for CD 3 CN. For CDCl 3 , 77.0 ppm was used as the standard in the 13 C-NMR spectra. Electrospray ionization (ESI) MS spectra were obtained by a Hitachi NanoFrontier LD spectrometer.
Fungal material. Leptosphaeria sp. KTC 727 (JCM 13076 5) ¼ MAFF 239586 6) ) was collected from woody debris in Akaiwa, Rebun Island in Hokkaido, Japan on August 30, 2001. The fungal isolate has been deposited at the Japan Collection of Microorganisms (JCM) and the Ministry of Agriculture, Forestry and Fisheries, Japan (MAFF).
Fermentation and isolation. Leptosphaeria sp. KTC 727 was cultured in 200 mL of a potato-sucrose medium, which had been prepared from a potato extract (40 g of potato), 4 g of sucrose, and H 2 O, in eight 500-mL Erlenmeyer flasks at 25 C for 55 d on a rotary shaker (100 rpm). After filtration by suction, the filtrate was extracted with EtOAc (1.0 L Â 2) and concentrated in vacuo to give an extract (380 mg) which was fractionated by silica gel column chromatography. The fraction eluted with 30% EtOAc/hexane was further separated by silica gel column chromatography (20% EtOAc/hexane) to give 1 (1.5 mg) and 2 (13.9 mg). Preparation of 2 from 1. A solution of 1 (1.2 mg, 5.1 mmol) in CH 2 Cl 2 /H 2 O (900 mL/100 mL) was stirred with mCPBA (3.5 mg, 21 mmol) for 2 d at 0
C. An aqueous solution of Na 2 S 2 O 3 (13 mg in 10 mL) was added to decompose the excess oxidant. The mixture was then poured into H 2 O (20 mL) and extracted with diethyl ether (20 mL Â 3). The combined ethereal solution was washed with brine (20 mL), dried over MgSO 4 , and concentrated in vacuo. Silica gel column chromatography of the residue (5% EtOAc/hexane) gave the corresponding epoxide (ca. 200 mg).
1 H-NMR (CDCl O (0.5 mL/ 0.5 mL) was stirred with HCl (12 mol/dm 3 , 10 mL) for 4 h at room temperature. After H 2 O (10 mL) had been added, THF in the mixture was removed in vacuo. The resulting mixture was extracted with EtOAc (20 mL Â 3), and the combined organic layer was concentrated in vacuo. Preparative TLC of the residue (EtOAc/hexane, 1:1) gave 2. The yield of the product was estimated to be 80 mg based on the UV absorption of the natural product at 258 and 297 nm in CH 3 CN. The chromatographic behavior, 1 H-NMR, and ECD spectra in CH 3 CN were identical to those of natural 2.
Molecular modeling calculations. Conformational searches for 1, 3, and both tautomers of 2 were performed with AM1 semi-empirical molecular orbital calculations to give a series of stable conformers. All conformers thus obtained were further optimized by the DFT method with B3LYP/6-31G Ã on Spartan08. A calculated ECD curve was obtained by subjecting the most stable conformation of (4S)-1 to timedependent energy calculations for 48 excited states with B3LYP/ TZVP on Gaussian 09.
Biological assay. Solutions of Cochliobolus miyabeanus spores were prepared containing 500, 250, 100, 50, 10 and 5 mg/mL in two replicates for each metabolite with 2% sucrose in DMSO. Germination and the shapes of the spores were observed under a microscope after 36 h at 25 C. The IC 50 values were determined by the concentration which showed approximately 50% inhibition of germination.
